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Abstract
Antarctic icefishes lack hemoglobin (Hb), and some species lack cardiac 
myoglobin (Mb). As iron-centered proteins, Hb and Mb can promote the formation of 
reactive oxygen species that may damage biological macromolecules. Consistent with 
this, we find higher levels of oxidized proteins in some tissues of red-blooded 
notothenioids than in icefishes. Oxidized proteins are marked for degradation by the 
conjugation of the protein ubiquitin. I hypothesized that levels of ubiquitinated proteins 
and 20S proteasome activity (which degrades oxidized proteins) would be higher in +Hb 
and +Mb notothenioids than icefishes lacking the proteins. Levels of ubiquitinated 
proteins and rates of proteasome activity were measured in the heart ventricle, pectoral 
adductor, and liver of six species of notothenioids differing in Hb and Mb expression. 
Previous studies in notothenioids suggest that oxidative stress declines following 
acclimation to 4°C. I also hypothesized that levels of ubiquitinated proteins and 20S 
proteasome activity would decline in response to acclimation to 4°C. Levels of 
ubiquitinated proteins and rates of proteasome activity were measured in the heart 
ventricle, pectoral adductor, and liver of the red-blooded Notothenia coriiceps held at 
ambient temperature and acclimated to 4°C for 3 weeks. Levels of ubiquitinated proteins 
were higher in tissues of the red-blooded N. coriiceps compared to icefishes, but the 
activity of the 20S proteasome did not follow a similar trend, suggesting that icefishes do 
not incur an energetic benefit resulting from reduced rates of protein degradation. Levels 
of ubiquitinated proteins were equivalent in heart ventricle and oxidative skeletal muscle, 
and proteasome activities were equivalent in all tissues between acclimated N. coriiceps 
and those held at ambient temperature, suggesting that protein damage and rates of 
protein degradation are not altered in notothenioids by long-term exposure to 4°C.
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General Introduction
The Southern Ocean surrounding Antarctica is a unique marine environment with 
88% of the Antarctic fish fauna endemic to the region (Eastman, 1993). Approximately 
22-25 mya the Antarctic Circumpolar Current formed, causing a steep decline in the 
water temperature of the Southern Ocean and resulting in widespread extinctions in the 
fish fauna (Kennett, 1977; Clarke and Johnston, 1996). Ancestors of the suborder 
Notothenioidei, equipped with antifreeze glycopeptides, were among the few survivors 
and they radiated to fill a wide array of niches. Today, notothenioids are the most diverse 
and dominant fish taxa in the Southern Ocean, comprising approximately 45% of the 222 
benthic fish species native to the Antarctic continental shelf (Eastman, 2005). The relaxed 
selective pressure brought on by the Oligocene extinctions is thought to have provided 
adequate conditions for one of the most unique characteristics among Antarctic fishes to 
evolve, the loss of erythrocytes and oxygen-binding proteins hemoglobin (Hb) and 
myoglobin (Mb) within the family Channichthyidae.
Antarctic icefishes (suborder Notothenioidei, family Channichthyidae) are the 
only vertebrates that do not express Hb as adults (Ruud, 1954). Furthermore, six of the 16 
species of icefishes lack Mb in their heart ventricle (Sidell et al., 1997; Moylan and 
Sidell, 2000; Grove et al., 2004). These losses are considered to be neutral mutations 
(Sidell et al., 1997; Moylan and Sidell, 2000); however, as iron-centered proteins, Hb and 
Mb may contribute to the production of reactive oxygen species (ROS) that may cause 
oxidative stress (Tappel, 1953; King et al., 1964). Oxidative stress occurs when the 
production of ROS exceeds an organism’s antioxidant capacity, resulting in damaged 
biological macromolecules that must be either repaired or degraded, depending on 
severity of oxidation (Sies, 1997). The misfolding of proteins caused by mild oxidation 
may be repaired by molecular chaperones; however, proteins subjected to more severe 
oxidative damage must be degraded by the 20S proteasome or lysosomes (Hawkins,
1991; Wickner et al., 1999; Droge, 2002). When proteins become oxidized they are 
marked for degradation by the covalent attachment of the small (8.5 kDa) protein 
ubiquitin (Shang et al., 1997; Dudek et al., 2005). The proteasome, a proteolytic protein 
complex, recognizes ubiquitin and degrades damaged proteins into their constituent 
amino acids, and proteins are replaced through the energetically demanding process of
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protein synthesis (Davies, 2001). Therefore, the loss of Hb and Mb may be advantageous 
for icefishes by reducing ROS production and therefore, reducing rates of protein 
degradation and synthesis.
Oxidative stress has been implicated in a wide variety of human diseases; for
example, most neurodegenerative diseases (e.g. Parkinson’s disease and Huntington’s
disease) are associated with oxidative damage to DNA, proteins, and/or lipids (Hartley et
al., 1993; Lee et al., 2001; Honda et al., 2004). Although cellular respiration is the most
prominent source of ROS production in organisms, other endogenous sources, such as Hb
and Mb, may play a significant role. The oxidation of Hb and Mb takes place in vivo
2+
when molecular oxygen reacts with heme in the ferrous state (Fe ), producing the 
powerful oxidant superoxide (Reeder and Wilson, 2005). Further, hydrogen peroxide can
3_i_
react with heme in the ferric state (Fe ) to produce two additional oxidants, ferryl iron 
(Fe4+=O2") and a free radical located on an amino acid residue of the globin protein 
(Reeder and Wilson, 2005). Currently, it is unknown to what extent Hb and Mb affect 
oxidative stress. The hemoglobin-null state and variable expression of cardiac Mb in 
Antarctic icefishes presents a suitable model with which to study to the role of Hb and 
Mb in oxidative stress.
The Western Antarctic Peninsula is one of the fastest-warming regions in the 
world (King and Harangozo, 1998; Vaughan et al., 2003; Turner et al., 2005). The 
surface waters of the Western Antarctic Peninsula have warmed approximately 1°C 
during the last 50 years, and subsurface waters are projected to increase 0.4 to 0.6°C 
during the next century, with an increase of as much as 1°C by the year 2200 (Meredith 
and King, 2005; Yin et al., 2011). It is unknown how notothenioids will fare in a 
warming climate. What is known, is that notothenioids are intolerant of increased 
temperatures and extremely stenothermic (Somero and DeVries, 1967) as a result of their 
evolution in an extremely cold and stable environment. Water temperatures in McMurdo 
Sound are a nearly constant -1.9°C, while that of the Western Antarctic Peninsula region 
ranges seasonally from approximately 1.5°C to -1.8°C (Littlepage, 1965; DeWitt and 
Bushnell, 1971).
The results of some studies suggest that acclimation of notothenioids to 4°C 
reduces oxidative stress (Bilyk and Cheng, 2014; Enzor and Place, 2014; Mueller et al.,
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2014). In addition, cold-adapted Antarctic fishes have higher levels of ubiquitinated 
proteins compared to temperate fishes, suggesting that cold temperature denatures 
proteins (Todgham et al., 2007) and that warming may reduce levels of ubiquitinated 
proteins and rates of protein degradation for notothenioids.
I tested the overarching hypothesis that the loss of Hb and Mb in Antarctic 
icefishes may be advantageous because it reduces oxidative stress and rates of protein 
degradation. My specific hypotheses were:
(1). The loss of Hb and Mb reduces oxidative stress, resulting in lower levels of 
ubiquitinated proteins and rates of protein degradation by the 20S proteasome compared 
to notothenioids that express the proteins. To test this hypothesis, I measured levels of 
ubiquitinated proteins and rates of 20S proteasome activity in the heart ventricle, pectoral 
adductor muscle, and liver of six species of notothenioids differing in the expression of 
Hb and Mb: Chaenocephalus aceratus (-Hb/-Mb), Champsocephalus gunnari (-Hb/-Mb), 
Chionodraco rastrospinosus (-Hb/+Mb), Pseudochaenichthys georgianus (-Hb/+Mb), 
Gobionothen gibberifrons (+Hb/+Mb), and Notothenia coriiceps (+Hb/+Mb).
(2). Acclimation of notothenioids to 4°C for 3 weeks will reduce protein 
denaturation and thus levels of ubiquitinated proteins and activity of the 20S proteasome 
compared to animals held at ambient temperature. To test this hypothesis, I measured 
levels of ubiquitinated proteins and rates of 20S proteasome activity in three highly 
oxidative tissues (heart ventricle, pectoral adductor muscle, and liver) of N. coriiceps 
held at ambient temperature and acclimated to 4°C for 3 weeks.
3
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Chapter 1: Linkages Between Protein Ubiquitination, Proteasome Activity and the 
Expression of Oxygen-Binding Proteins in Antarctic Notothenioid Fishes1
1.1 Summary
Antarctic icefishes (suborder Notothenioidei, family Channichthyidae) lack 
hemoglobin (Hb) and some species lack cardiac myoglobin (Mb). As iron-centered 
proteins, Hb and Mb can promote the formation of reactive oxygen species that may 
damage macromolecules. Consistent with this, levels of oxidized proteins are lower in 
icefishes compared to some red-blooded notothenioids. Additionally, previous studies 
have suggested that oxidative stress declines in notothenioids in response to acclimation 
to 4°C. We hypothesized that levels of ubiquitinated proteins and activity of the 20S 
proteasome, which degrades oxidized proteins, would be lower in icefishes compared to 
red-blooded fishes, and would decline in response to acclimation to 4°C. Levels of 
ubiquitinated proteins and rates of proteasome activity were measured in the heart 
ventricle, pectoral adductor muscle, and liver of six species of notothenioids differing in 
Hb and Mb expression, and in these same tissues of the red-blooded Notothenia coriiceps 
held at ambient temperature and acclimated to 4°C for 3 weeks. While levels of 
ubiquitinated proteins were lower in icefishes compared to the red-blooded N. coriiceps, 
the activity of the 20S proteasome was similar among species, suggesting that lack of 
oxygen-binding proteins does not reduce rates of protein degradation. Levels of 
ubiquitinated proteins were higher in liver of warm-acclimated N. coriiceps compared to 
ambient animals. However, levels of ubiquitinated proteins were equivalent in heart 
ventricle and oxidative skeletal muscle, and proteasome activity was equivalent between 
warm-acclimated and ambient animals in all tissues, suggesting warm acclimation to 4°C 
does not alter protein damage or degradation rates in N. coriiceps.
1 Oldham, C.A., Fish, A.A. and O’Brien, K.M. Linkages Between Protein Ubiquitination, 
Proteasome Activity and the Expression of Oxygen-Binding Proteins in Antarctic 
Notothenioid Fishes. Submitted to Journal o f  Experimental Biology
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1.2 Introduction
Approximately 22-25 mya the Southern Ocean became oceanographically isolated 
by the formation of the Antarctic Circumpolar Current, at which time ocean temperatures 
also began to precipitously decline, decreasing from approximately 10 to 5°C by the late 
Miocene (Clarke and Johnston, 1996; Kennett, 1977). The concurrent expansion of ice 
sheets resulted in habitat loss and changes in the ecosystem trophic structure, leading to 
extensive extinction of the fish fauna (Clarke and Johnston, 1996). With a variety of new 
niches available, notothenioids underwent extensive radiation and acquired a wide array 
of novel traits, including antifreeze glycoproteins, cold-adapted microtubules, and the 
loss of Hb in icefishes (Albertson et al., 2010; Clarke and Johnston, 1996; Detrich et al., 
2000; Eastman, 2005).
Antarctic icefishes (suborder Notothenioidei, family Channichthyidae) are the 
only vertebrates that lack the oxygen-binding protein hemoglobin (Hb) as adults (Ruud,
1954). The loss of Hb is correlated with a ten-fold reduction in the oxygen-carrying 
capacity of icefish blood compared to that of Hb-expressing fishes (Hemmingsen and 
Douglas, 1970; Holeton, 1970). Icefishes have several physiological traits that help to 
compensate for the lack of Hb, but it is unknown whether these traits arose prior to, or 
subsequent to, the loss of Hb. For example, icefishes have blood vessels that are two-to- 
three times the diameter of other notothenioids, and they have two-to-four times the 
blood volume of red-blooded species (Fitch et al., 1984; Hemmingsen and Douglas,
1970). In addition, icefishes have relatively large hearts (three-to-five times the heart-to- 
body-mass ratio of red-blooded species) that pump blood at low pressure and high 
volume, reducing cardiac work (Holeton, 1970). Nevertheless, cardiac work of icefishes 
is estimated to be 1.2-to-3.4 times higher than that of red-blooded species, and consume 
as much as 27% of their total energy budget (Hemmingsen et al., 1972; Sidell and 
O'Brien, 2006). The high metabolic costs associated with cardiovascular remodeling in 
icefishes suggests that the loss of Hb is a disaptation (a character state that is inferior to 
the preceding state), or at the very least, a neutral adaptation (Montgomery and Clements, 
2000; Sidell and O'Brien, 2006).
In addition to lacking Hb, six of the 16 species of icefishes also lack myoglobin 
(Mb) in heart ventricle, and all notothenioids lack Mb in oxidative skeletal muscle (Grove
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et al., 2004; Moylan and Sidell, 2000; Sidell et al., 1997). Mb is functional at 
environmental temperatures and enhances cardiac performance when present in 
notothenioids (Acierno et al., 1997; Cashon et al., 1997). The loss of Mb in the hearts of 
icefishes is not restricted to a single lineage, but rather has occurred four times during the 
radiation of the family and by at least three distinct genetic lesions (Sidell et al., 1997; 
Small et al., 2003; Small et al., 1998), suggesting weak selective pressure for maintaining 
Mb expression, and that the loss of Mb may be advantageous.
As iron-centered proteins, Hb and Mb can facilitate the production of reactive
oxygen species (ROS) that damage biological macromolecules (King et al., 1964; Tappel,
2+
1955). Molecular oxygen reacts with heme in the ferrous state (Fe ), producing
3_i_
superoxide. Also, heme in the ferric (Fe3+) state reacts with hydrogen peroxide to form 
two oxidants, ferryl iron (Fe4+=02-) and a protein-bound free radical on the globin (Reeder 
and Wilson, 2005). Consistent with this, red-blooded notothenioids have higher activity 
and transcript levels of the antioxidant enzymes superoxide dismutase (SOD) and 
catalase (CAT) than icefishes (Cassini et al., 1993; Mueller et al., 2012; Witas et al., 
1984). Also, the red-blooded notothenioid Notothenia coriiceps has significantly higher 
levels of protein carbonyls, a form of protein oxidation, in heart ventricle than the 
icefishes Chaenocephalus aceratus and Chionodraco rastrospinosus (Mueller et al.,
2014; Mueller et al., 2012). Additionally, the red-hearted icefish C. rastrospinosus has 
higher levels of protein carbonyls in heart ventricle than hearts of the myoglobinless C. 
aceratus, suggesting that expression of Mb increases protein oxidation (Mueller et al., 
2014; Mueller et al., 2012). Moreover, notothenioids may be particularly susceptible to 
oxidative damage caused by ROS due to their high capacity for oxidative metabolism 
(Crockett, 2011; Crockett and Sidell, 1990). They also possess high levels of 
polyunsaturated fatty acids in their cellular membranes, which enhance membrane 
fluidity at cold temperatures, but are more highly susceptible to lipid peroxidation than 
saturated fatty acids (Cosgrove et al., 1987; Crockett, 2011).
Higher levels of oxidized proteins in red-blooded fishes compared to icefishes 
may warrant higher rates of protein degradation. Oxidized proteins are marked for 
degradation by the ATP-dependent covalent conjugation of ubiquitin (Dudek et al., 2005; 
Shang et al., 1997). Ubiquitinated proteins are degraded by the 26S proteasome, another
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ATP-dependent process (Davies, 2001; Shringarpure et al., 2003). Oxidized proteins may 
also be degraded by the 20S proteasome, in an ubiquitin- and ATP-independent process 
(Davies, 2001; Reinheckel et al., 2000). While both the 26S and 20S proteasome degrade 
oxidatively-modified proteins (Shang and Taylor, 2011), the 20S proteasome does not 
require proteins to be ubiquitinated to degrade them, and can therefore degrade 
oxidatively damaged proteins in cells with compromised ubiquitin conjugation systems 
(Davies, 2001; Shringarpure et al., 2003). Additionally, the 26S proteasome is more 
susceptible to oxidative damage than the 20S proteasome, suggesting that the 20S 
proteasome plays a more prominent role in the degradation of oxidized proteins 
(Reinheckel et al., 2000).
Degraded proteins must be resynthesized, a process that represents a significant 
portion of an organism’s energy budget. As much as 42% of the oxygen consumption of 
the Atlantic cod (Gadus morhua) is devoted to protein synthesis (Houlihan et al., 1988). 
Lower levels of oxidized proteins in icefishes may lead to lower levels of ubiquitinated 
proteins and rates of protein degradation, conferring an energetic benefit to icefishes 
lacking Hb and Mb.
Studies to date suggest that acclimation of notothenioids to 4°C reduces oxidative 
stress, which may also reduce rates of protein turnover (Bilyk and Cheng, 2014; Enzor 
and Place, 2014; Mueller et al., 2014). For example, when exposed to 4°C for 7 days, C. 
rastrospinosus and N. coriiceps have reduced transcript levels of the antioxidants SOD 
and CAT, suggesting reduced oxidative stress (Mueller et al., 2014). Further, while initial 
exposure to 4°C increases protein carbonyls in gill and liver tissue of Trematomus 
bernacchii and Pagothenia borchgrevinki, carbonyl levels decline after 56 days of 
acclimation compared to animals at ambient temperature (Enzor and Place, 2014). 
Similarly, levels of oxidized proteins do not increase in the heart ventricle of N. coriiceps 
after 10 days of acclimation to 4°C (Mueller et al., 2012). Additionally, polyubiquitin 
genes are down regulated in the liver of the notothenioid P. borchgrevinki after exposure 
to 4°C for 4 days (Bilyk and Cheng, 2014).
To determine whether the loss of oxygen-binding proteins in Antarctic icefishes 
reduces levels of damaged proteins and rates of protein degradation, we measured levels 
of ubiquitinated proteins and rates of 20S proteasome activity in six species of
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notothenioids differing in the expression of Hb and cardiac Mb. We also measured levels 
of ubiquitinated proteins and the rate of 20S proteasome activity in N. coriiceps 
acclimated to 4°C for 3 weeks and in animals held at ambient temperature to determine 
whether acclimation to 4°C reduces levels of damaged proteins and rates of protein 
degradation. We focused our measurements on heart ventricle, oxidative skeletal muscle 
and liver because these tissues have a high oxidative capacity, and thus, are more prone 
to oxidative damage.
1.3 Material and Methods
1.3.1 Fish Collection
C. aceratus (1124 ± 306 g) (Lonnberg 1906), Champsocephalus gunnari (717 ±
38 g) (Lonnberg 1905), Pseudochaenichthys georgianus (1528 ± 228 g) (Norman 1937), 
C. rastrospinosus (417 ± 66 g) (DeWitt & Hureau 1979), Gobionotothen gibberifrons 
(772 ± 67 g) (Lonnberg 1905), and N. coriiceps (1898 ± 179 g) (Richardson 1844) were 
collected from two locations off of the Western Antarctic Peninsula, (Low Island [63° 25’ 
S; 62° 10’ W], and Dallmann Bay [64° 10’ S; 62° 35’ W]), by benthic otter trawl and fish 
pots using the US ARSV Laurence M. Gould during April-June, 2013. Fish were held in 
recirculating seawater tanks aboard the ship before being transferred to the aquarium at 
the US Antarctic Research Station, Palmer Station, and held in tanks with recirculating 
seawater at 0.1 ± 0.5°C. Animals were euthanized with a sharp blow to the head followed 
by cervical transection. Samples of heart ventricle, pectoral adductor muscle, and liver 
were harvested, flash frozen in liquid nitrogen, and stored at -80°C.
For warm acclimation, specimens of N. coriiceps (N = 7) were placed in two 700- 
L insulated recirculating seawater tanks at 0.1 ± 0.5°C (3 or 4 fish per tank). Fish were 
held for 24 h and then the temperature in each tank was increased 0.5°C day-1 for six days 
using 3-KW Elecro Titanium inline heaters (Aqualogic, San Diego, CA, USA) plumbed 
in closed circuit to each tank, until the tanks reached 4°C. Acclimated animals were held 
at 4 ± 0.2°C while ambient animals were held in a separate tanks at 0.1 ± 0.5°C for 22 
days, at which time the fish were euthanized as described above and tissues harvested.
All methods were approved by the UAF Institutional Animal Care and Use Committee 
(247598-11).
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1.3.2 Levels of Ubiquitinated Proteins
Levels of ubiquitinated protein were measured in the heart, pectoral adductor 
muscle, and liver (N=6 per species) based on the methods used by Hofmann and Somero 
(1995) and modified by Todgham et al. (2007). Frozen tissues were finely chopped on an 
ice-cold stage and then homogenized in five volumes of ice-cold homogenization buffer 
(4% SDS [w/v], 1 mM EDTA, 50 mM Tris-HCl) supplemented with protease inhibitors 
[cOmplete Protease Inhibitor Cocktail Tablets, Roche, USA], pH 6.8) using a 
Tissuemizer homogenizer (Tekmar, Cincinnati, OH, USA). Homogenization was 
completed using Tenbroeck ground-glass tissue homogenizers. Tissue homogenates were 
boiled 5 min to denature proteins. Homogenates were then centrifuged at 12,000 g  for 15 
min at room temperature and the supernatant retained. Protein content of the supernatant 
was determined using a Bradford protein assay (1976) with bovine serum albumen (BSA) 
used for the standard curve. Supernatants were stored at -80°C.
Samples were diluted with Tris-buffered saline solution (TBS) (20 mM Tris-HCl, 
140 mM NaCl, pH 7.6) to a concentration of 0.5 |ig |il-1 for ventricle and pectoral 
adductor muscle samples, and 0.25 |ig |il-1 for liver. One |il of each sample was pipetted 
in duplicate or triplicate onto a 12 cm x 10 cm sheet of 0.2 |im nitrocellulose membrane 
(Amersham, GE Healthcare Life Sciences, Little Chalfont, UK). This amount of protein 
was determined to be within the linear range of detection and the level of ubiquitination 
was proportional to the amount of protein spotted on the membrane. The protein was 
heat-fixed to the membrane at 65°C for 20 min. The membrane was then blocked with 
5% nonfat milk powder dissolved in Tween-20 Tris-buffered saline solution (TTBS) (20 
mM Tris-HCl, 140 mM NaCl, 0.01% Tween-20, pH 7.6, room temperature) for 1 h. After 
blocking, the membranes were rinsed twice briefly with TTBS and then 3 times for 5 min 
each with TTBS. The membranes were incubated at 4°C with the ubiquitin conjugate 
primary antibody (mono- and polyubiquitinylated conjugates mAb produced in mice, 
Enzo Life Sciences, BML-PW8810, Farmdale, New York, USA), diluted 1:5000 in 5% 
nonfat milk powder dissolved in TTBS. Incubation times were 12.5 h for ventricle, 15 h 
for pectoral adductor, and 2 h for liver. The membranes were then rinsed briefly twice 
with TTBS and then rinsed 3 times for 5 min each with TTBS. The membranes were 
incubated at room temperature with the secondary antibody (rabbit anti-Mouse IgG
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peroxidase antibody, A9044, Sigma-Aldrich, St. Louis, MO, USA), diluted 1:10,000 in 
5% nonfat dry milk powder in TTBS. Membranes with ventricle samples were incubated
1.5 h, pectoral adductor muscle samples for 2 h, and liver samples for 2.25 h. The 
membranes were then rinsed briefly twice with TTBS, washed 3 times for 5 min each in 
TTBS, and developed using a chemiluminescence kit (Amersham ECL Prime Western 
Blotting Detection Reagent, GE Healthcare), according to manufacturer’s specifications. 
Chemiluminescence was detected for 15 min using AlphaImager 3300 Imaging System 
(Protein Simple, San Jose, CA, USA) and intensity was quantified using ImageQuant TL 
software (GE Healthcare). Levels of ubiquitinated proteins were normalized to levels in 
heart ventricles of N. coriiceps (N=6). Samples from each individual were spotted in 
triplicate on membranes for measurements in heart ventricle and in duplicate for 
measurements in pectoral adductor muscle and liver. The average value for N. coriiceps 
ventricle (also spotted in triplicate for heart and duplicate for pectoral adductor and liver) 
was used to normalize values for other species and tissues. Samples from acclimated and 
ambient animals of N. coriiceps were all loaded on the same membrane and so absolute 
intensities were used to determine levels of ubiquitinated proteins.
1.3.3 20S Proteasome Activity
Activity of the 20S proteasome was measured in the heart, pectoral adductor 
muscle, and liver (N=8 for each species except for C. aceratus ventricle and pectoral 
adductor muscle for which N=7) based on the method developed by Shibatani and Ward 
(1995) and adapted for use on fish by Dobly et al. (2004). Frozen tissues were finely 
chopped on an ice-cold stage and then homogenized in five volumes of ice-cold lysis 
buffer (50 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 1.0 mM P-mercaptoethanol) using a 
Tissuemizer homogenizer (Tekmar) and Tenbroeck ground-glass tissue homogenizers. 
The homogenate was centrifuged at 20,000 g  for 1 h at 4°C and the supernatant retained. 
Protein content of the supernatant was determined using a Bradford protein assay (1976) 
with BSA used for the standard curve.
Proteasome activity was measured using the proteasome-specific fluorogenic 
substrate LLVY-AMC (Enzo). The substrate was dissolved in DMSO (5.71 mM), then 
aliquoted and stored at -80°C until use. Although maximal activity of the 20S proteasome
11
has been shown to require SDS in mammals (Shibatani and Ward, 1995), we tested 20S 
proteasome activity in notothenioid fishes in a range of SDS concentrations (0% to 
0.05%) and it was maximal in Tris buffer lacking SDS, so we omitted it from the reaction 
mixture. Activity was measured by incubating 50 |ig protein from the supernatant with 40 
|iM LLVY-AMC in 22.5 |il 100 mM Tris-HCl (pH 8.0) for 60 min at 5°C. The reaction 
was determined to be linear for 90 min. The reaction was stopped by adding 225 |il 0.1 M 
sodium borate (pH 9.1) and 65 |il 1% SDS. Fluorescence of AMC was determined at 
excitation/emission wavelengths of 380 and 460nm, respectively, on a Gemini EM 
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). Parallel samples were 
prepared by adding the proteasome inhibitor MG-132 (133 |iM) (Enzo) prior to 
incubation. Activity was calculated by determining the concentration of AMC in the 
samples using the standard curve minus activity in the presence of MG-132. Activity is 
expressed as pmol AMC h-1 50 |ig-1 protein. The standard curve was prepared using 8 
LLVY-AMC concentrations between 3.3 |iM and 44 |iM. The samples and standard 
curve were measured in triplicate.
1.3.4 Statistical Analysis
Outliers were identified using box-and-whisker plots created with JMP 7 (SAS 
Institute, Cary, NC, USA), and were removed from analysis. Significant differences in 
levels of ubiquitinated proteins and the activity of the 20S proteasome in pectoral 
adductor muscle among species were determined using a one-way ANOVA followed by 
a Tukey’s post-hoc test using SigmaPlot 11.0 (Systat Software, San Jose, CA, USA). 
Equal variance was confirmed and normality tested using a Shapiro-Wilk test and the 
software Sigma Plot 11.0 (Systat Software). A Kruskal-Wallis one-way ANOVA on 
ranked data using the software Sigma Plot 11.0 (Systat Software) was used to determine 
significant differences in activity of the 20S proteasome and in levels of ubiquitinated 
proteins in heart ventricles and liver tissue among species because these data were either 
not normally distributed and/or lacked equal variance. Pairwise comparisons were made 
using a Tukey-Kramer Honestly Significant Difference test for the data set that met 
parametric assumptions with JMP 12 (SAS Institute). Pairwise comparisons were made 
using a Mann-Whitney Wilcoxon test with a Bonferroni correction (a  = 0.0083) for data
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sets that did not meet parametric assumptions using JMP 12 (SAS Institute). Significant 
differences in levels of ubiquitinated proteins and activity of the 20S proteasome between 
acclimated and control specimens were determined using a Student’s t-test using JMP 7 
(SAS Institute).
1.4 Results
1.4.1 Levels of Ubiquitinated Proteins
Levels of ubiquitinated proteins were higher in the heart ventricle of the red- 
blooded fishes N. coriiceps and G. gibberifrons compared to icefishes, and levels were 
higher in the hearts of N. coriiceps than in G. gibberifrons (Fig. 1.1A, P <0.0083). 
Ubiquitinated protein levels were 5.2- to 9.5-fold higher in the heart ventricle of N. 
coriiceps than in icefishes, 2.5- to 4.4-fold higher in the heart ventricle of G. gibberifrons 
than icefishes, and 2.1-fold higher in the heart ventricle of N. coriiceps than G. 
gibberifrons. Icefishes that express Mb did not have higher levels of ubiquitinated 
proteins than those that do not.
Levels of ubiquitinated proteins were highest in the pectoral adductor muscle of 
N. coriiceps and did not differ among other species (Fig 1.1B, P < 0.05). Ubiquitinated 
protein levels were 1.6- to 2.4-fold higher in the pectoral adductor muscle of N. coriiceps 
than in other notothenioids.
Levels of ubiquitinated proteins were higher in the liver of the two red-blooded 
species compared to the icefishes P. georgianus and C. rastrospinosus (Fig 1.1C, P < 
0.0083). Ubiquitinated protein levels were 3.6- to 4.6-fold higher in the liver of N. 
coriiceps than in P. georgianus and C. rastrospinosus, and 2.9- to 3.7-fold higher in the 
liver of G. gibberifons than in the icefishes P. georgianus, and C. rastrospinosus.
1.4.2 20S Proteasome Activity
The chymotrypsin-like activity of the 20S proteasome was highest in the heart 
ventricle of G. gibberifrons (483 ± 31 pmol AMC h-1 50 |ig-1 protein) and N. coriiceps 
(438 ± 8 pmol AMC h-1 50 |ig-1 protein), intermediate in icefishes expressing Mb (347 ± 
15 in P. georgianus and 340 ± 26 pmol AMC h-1 50 |ig-1 in C. rastrospinosus), and 
lowest in the white-hearted icefish C. aceratus (280 ± 10 pmol AMC h-1 50 |ig-1 protein)
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(Fig. 1.2A, P < 0.0083). The exception to this pattern was in the icefish C. gunnari (524 ± 
59 pmol AMC h-1 50 |ig-1 protein), whose activity was comparable to the red-blooded 
species (Fig. 1.2A, P < 0.0083). 20S proteasome activity in the heart ventricle of the Mb- 
expressing icefish P. georgianus was higher than that of the myoglobinless C. aceratus 
(Fig. 1.2A, P < .0.0083), however, activity in the ventricle of the Mb-expressing C. 
rastrospinosus.
There was no difference in 20S proteasome activity in the pectoral adductor 
muscle among G. gibberifrons (246 ± 25 pmol AMC h-1 50 |ig-1 protein) and icefishes 
(mean = 347 ± 20 pmol AMC h-1 50 |ig-1 protein) (Fig. 1.2B, P < 0.0083). Activity was 
higher in the pectoral adductor muscle of the icefish C. aceratus compared to the red- 
blooded N. coriiceps (354 ± 38 pmol AMC h-1 50 ^g-1 protein) (Fig. 1.2B, P < 0.0083).
In the liver, 20S proteasome activity was highest in C. gunnari (630 ± 80 pmol 
AMC h-1 50 |ig-1 protein) and was 1.7- to 2.9-fold higher than in the other species (Fig 
1.2C, P < 0.0083). 20S proteasome activity was not higher in the liver of red-blooded 
notothenioids than in the icefishes C. aceratus, P. georgianus, and C. rastrospinosus (Fig 
1.2C, P > 0.0083)
1.4.3 Effects of Warm Acclimation on Protein Degradation
Levels of ubiquitinated proteins did not change in response to warm acclimation 
in the heart ventricle and pectoral adductor muscle of N. coriiceps but relative levels of 
ubiquitinated proteins were 1.9-fold higher in the liver of N. coriiceps acclimated to 4°C 
than in animals at ambient temperature (Fig. 1.3A, P < 0.05).
Activity of the 20S proteasome did not change in response to warm acclimation in 
N. coriiceps. There was no significant difference between 20S proteasome activity in 
acclimated and ambient fishes in heart ventricle (292 ± 53 and 350 ± 26 pmol AMC h-1 
50 |ig-1 protein, respectively), pectoral adductor muscle (237 ± 8 and 261 ± 29 pmol 
AMC h-1 50 |ig-1 protein, respectively), or liver (378 ± 55 and 418 ± 44 pmol AMC h-1 50 
|ig-1 protein, respectively) (Fig. 1.3B, P < 0.05).
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1.5 Discussion
This work represents the first combined measurements of protein ubiquitination 
and rates of protein degradation in Antarctic notothenioid fishes, and is the first to 
compare these measurements between red- white-blooded species to assess the impact of 
protein damage by iron-centered oxygen-binding proteins. Previous studies of protein 
ubiquitination and rates of protein turnover in notothenioids have focused on transcript 
abundance, and have been restricted to red-blooded species (Bilyk and Cheng, 2013; 
Bilyk and Cheng, 2014; Windisch et al., 2014). Our results indicate that although levels 
of ubiquitinated proteins are higher in notothenioids expressing Hb compared to 
hemoglobinless icefishes, rates of protein degradation by the 20S proteasome are not, 
suggesting there is no energetic benefit to the loss of oxygen-binding proteins.
1.5.1 Levels of Ubiquitinated Proteins are Higher in Red-Blooded Notothenioids 
than Icefishes
While levels of Hb appear to elevate levels of ubiquitinated proteins, Mb does 
not. In general, red-blooded notothenioids have higher levels of ubiquitinated proteins 
than icefishes, suggesting Hb increases protein damage. However, there were no 
significant differences in levels of ubiquitinated proteins between heart ventricles of 
icefishes expressing Mb compared to those that lack the protein, suggesting that Mb 
alone does not significantly promote protein ubiquitination. Ubiquitinated proteins are 
2.1-fold higher in the heart ventricle of N. coriiceps than G. gibberifrons, and this 
corresponds with 1.9-fold higher levels of Hb in N. coriiceps (Beers et al., 2010). The 
red-blooded notothenioid N. coriiceps also has 1.6- to 2.4-fold higher levels of 
ubiquitinated proteins in pectoral adductor muscle than other notothenioids, and 
ubiquitinated proteins in the liver of N. coriiceps are 2.0- to 4.6-fold higher than those of 
icefishes. The higher levels of ubiquitinated proteins in red-blooded species compared to 
icefishes are consistent with their higher levels of oxidized proteins. Levels of 
carbonylated proteins are 3- to 81-fold higher in the heart ventricle of N. coriiceps 
compared to the icefishes C. rastrospinosus and C. aceratus, respectively (Mueller et al., 
2012). Previous studies have also found that increased levels of ubiquitinated proteins are 
associated with mild oxidative stress (Dudek et al., 2005; Shang et al., 2001; Shang and
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Taylor, 2011). For example, brief exposure of lens epithelial cells to the oxidant H2O2 
induces a transient increase in levels of ubiquitinated proteins as well as increased 
ubiquitin-conjugation activity (Shang et al., 1997).
1.5.2 Rates of Protein Degradation by the 20S Proteasome Are Not Related to 
Levels of Ubiquitinated Proteins
Despite the higher levels of ubiquitinated proteins in red-blooded notothenioids 
compared to icefishes, there was no clear trend in 20S proteasome activity with regard to 
expression of Hb and Mb. For example, 20S proteasome activity was equivalent in the 
heart ventricle of N. coriiceps to that of the icefishes C. gunnari, P. georgianus, and C. 
rastrospinosus but lower in the pectoral adductor muscle of N. coriiceps compared to all 
other species. In liver, 20S proteasome activity in the icefish C. gunnari was 1.7- to 2.9- 
fold higher than other notothenioids, in which proteasome activity was equivalent. 
Together, these data suggest that although the red-blooded notothenioids have higher 
levels of ubiquitinated and oxidized proteins, they may not degrade proteins at a higher 
rate.
Pathways other than the 20S proteasome may contribute to the removal of 
oxidized and ubiquitinated proteins, and may be employed preferentially by 
notothenioids. For example, molecular chaperones may repair the unfolding and 
aggregation of moderately oxidized proteins (Hawkins, 1991; Wickner et al., 1999). 
Chaperones, such as heat shock protein 70 (Hsp70) and Hsp90, recognize and repair 
damaged or denatured proteins, as well as non-native protein aggregates (Feder and 
Hofmann, 1999). It has been suggested that cold temperature denatures proteins 
(Todgham et al., 2007) and consistent with this, red-blooded notothenioids from 
McMurdo Sound have higher constitutive levels of Hsp/Hsc70 than temperate 
notothenioids (Buckley et al., 2004; Hofmann et al., 2000; Place and Hofmann, 2005; 
Place et al., 2004). This may be an adaptation to life at cold body temperatures, and 
perhaps also to high levels of protein oxidation in red-blooded fishes.
Additionally, a novel isoform of acylpeptide hydrolase (APEH-2) is stable at low 
temperatures (when compared to APEH-1), and has the ability to efficiently hydrolyze 
oxidized BSA (Gogliettino et al., 2014). Moreover, the relative expression and activity of
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APEH-2 are higher in erythrocytes of the red-blooded notothenioid T. bernacchii 
compared to erythrocyte-like cells of the icefish Chionodraco hamatus, suggesting that 
rates of protein degradation may, in fact, be higher in red-blooded notothenioids (Riccio 
et al., 2015).
Our results suggest that red-blooded notothenioids do not degrade oxidized 
proteins and re-synthesize them, but rather persist with higher levels of oxidatively 
modified proteins compared to icefishes. This is consistent with the results of a recent 
study indicating that red-blooded notothenioids do not have higher rates of protein 
synthesis than icefishes, nor is there a significant difference in the energetic cost of 
protein synthesis in cardiomyocytes and hepatocytes of notothenioids differing in the 
expression of Hb and/or Mb (Lewis et al., 2015). Although the oxidation of proteins may 
reflect pathology in some cases, the oxidation of proteins can also play pivotal roles in 
the regulation of protein function and play a role in cellular signaling. For example, 
protein kinase C (PKC) is susceptible to oxidative modification, and oxidation stimulates 
activity of PKC in cells, promoting cell growth (Gopalakrishna and Jaken, 2000). In the 
future, identification of oxidatively-modified proteins should shed light on the 
physiological consequences of higher levels of oxidized proteins in red-blooded 
notothenioids.
1.5.3 The Ubiquitin-Proteasome Pathway Displays a Limited Response to Warm 
Acclimation
Levels of ubiquitinated proteins in the heart ventricle and pectoral adductor of N. 
coriiceps did not change in response to acclimation to 4°C for 3 weeks. There was, 
however, a 1.9-fold increase in levels of ubiquitinated proteins in the liver of N. coriiceps 
acclimated to 4°C. In contrast, 20S proteasome activity did not change in response to a 
4°C increase in temperature in any tissue measured.
The limited response of the ubiquitin-proteasome pathway (UPP) to warm 
acclimation suggests an inability to adjust to a 4°C increase in temperature within a 
timeframe of several (3) weeks. Alternatively, a 4°C increase in temperature may be 
insufficient to elicit a change in the UPP. Consistent with this, genes that encode some 
subunits of the proteasome (such as proteasome subunit beta type-7) are highest in the
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liver of the Antarctic eelpout (Pachycara brachycephalum) at -1° to 0°C, and remain at 
basal levels at 3° to 5°C, but are down regulated when acclimated to temperatures of 7°C 
and higher (Windisch et al., 2014). Although they are highly stenothermic, notothenioids 
can acclimate to increased temperature. For example, when acclimated to 4°C for 4 to 5 
weeks, some species of notothenioids can adjust cardiac output, swimming performance, 
and/or oxygen consumption rates (Franklin et al., 2007; Robinson and Davison, 2008; 
Seebacher et al., 2005). Notothenioids can also increase thermal tolerance, as measured 
by the critical thermal maxima, after exposure to 4°C for 1 to 8 weeks (Bilyk and 
Devries, 2011; Podrabsky and Somero, 2006). It should be noted however, that the 
majority of these studies were conducted on fish species collected from McMurdo Sound 
where temperatures are a nearly constant -1.9°C. Specimens of N. coriiceps used in this 
study were collected from the Western Antarctic Peninsula where temperatures average 
approximately 0°C and change seasonally between -1.5°C in winter and 1.8°C in 
summer. Acclimation to 4°C in Western Antarctic Peninsula fishes therefore, represents a 
4°C increase in temperature, whereas in fishes from McMurdo Sound, this represents ~ 
6°C increase in temperature. An increase in water temperature to 4°C may not be great 
enough to warrant alterations in the UPP. It is also possible that because notothenioids in 
the Western Antarctic Peninsula experience greater seasonal temperature fluctuations 
than those in McMurdo Sound, they may be less sensitive to temperature increases.
The duration of acclimation may also be an important factor in the capacity of N. 
coriiceps to acclimate. Prior studies have shown that polyubiquitin genes are down- 
regulated in the liver of the Antarctic notothenioid Pagothenia borchgrevinki after a 4- 
day exposure to 4°C (Bilyk and Cheng, 2014). However, levels of carbonylated proteins 
in the livers of 2 species of Antarctic notothenioids (Trematomus bernacchii, and P. 
borchgrevinki) increase after a 7-day exposure to 4°C, but then decrease to basal levels or 
lower after a 56-day acclimation to 4°C (Enzor and Place, 2014). Further, resting 
metabolic rate increases in T. bernacchii during acute exposure to 4°C, but complete 
metabolic compensation to 4°C occurs after 9 weeks (Sandersfeld et al., 2015). These 
data indicate that notothenioids may require 4-to-9 weeks to acclimate to warmer water 
(Podrabsky and Somero, 2006; Sandersfeld et al., 2015). N. coriiceps may require a 
similar amount of time to fully acclimate with regard to the UPP.
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1.6 Conclusions
The loss of Hb and Mb does not alter rates of protein degradation by the 20S 
proteasome and thus loss of these proteins does not likely confer an energetic benefit to 
icefishes. This supports the hypothesis that the loss of Hb and Mb is a neutral mutation 
(Sidell and O'Brien, 2006; Sidell et al., 1997). Recent studies show that the lack of 
cardiac Mb is not a trait unique to channichthyid icefishes. Fishes from a diverse array of 
habitats, lifestyles, and phylogenies lack cardiac Mb (Macqueen and Johnston, 2014), 
raising questions regarding the selective pressure for Mb expression. To date, all 
temperate and tropical fishes that lack cardiac Mb are relatively small, suggesting oxygen 
diffusion in cardiac tissue lacking Mb may be allometrically constrained (Macqueen and 
Johnston, 2014). Clearly this does not apply to the large hearts of Antarctic icefishes. 
Further research will be required to determine the circumstances under which the 
selective pressure for cardiac Mb expression is relaxed.
The Western Antarctic Peninsula is one of the three fastest-warming regions in 
the world, with an increase in sea surface temperature of over 1°C over the last 50 years 
(King and Harangozo, 1998; Meredith and King, 2005; Turner et al., 2005; Vaughan et 
al., 2003). At this time, the capacity of notothenioids to adjust to a warming environment 
remains equivocal. Future studies that align acclimation temperatures and duration, and 
compare acclimation capacity of notothenioids from varying habitat temperatures will 
help to elucidate this important question.
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Figure 1.1 Levels of ubiquitinated proteins in tissues of notothenioids that vary in 
the expression of hemoglobin (Hb) and myoglobin (Mb). Relative levels of 
ubiquitinated proteins in heart ventricle (A), pectoral adductor muscle (B), and liver (C) 
of six species of notothenioids (all notothenioids lack Mb in pectoral adductor muscle 
and liver). Levels of ubiquitinated proteins were normalized to levels in heart ventricle of 
N. coriiceps. Values are means ± s.e.m. (N=6). Significant differences among species and 
within each tissue are indicated by different letters (P < 0.0083 for A & C, P < 0.05 for 
B).
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Figure 1.2 Activity of the 20S proteasome in tissues of notothenioids that vary in the 
expression of hemoglobin (Hb) and myoglobin (Mb). Activity of the 20S proteasome 
in heart ventricle (A), pectoral adductor muscle (B), and liver (C) of six species of 
notothenioids (all notothenioids lack Mb in pectoral adductor muscle and liver). Values 
are means ± s.e.m. (N=8). Significant differences among species and within each tissue 
are indicated by different letters (P < 0.0083).
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Figure 1.3 The effect of warm acclimation on protein ubiquitination and activity of 
the 20S proteasome. Relative levels of ubiquitinated proteins (A) and 20S proteasome 
activity (B) in N. coriiceps acclimated to 4°C and held at ambient temperature (0° C) in 
heart ventricle (N = 5-6), pectoral adductor muscle (N = 7 for each treatment), and liver 
(N = 5-6). Values are means ± s.e.m. Significant differences are denoted by an asterisk. 
(P < 0.05).
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General Conclusions
The results from my study indicate that icefishes (family Channichthyidae) have 
lower levels of oxidized and ubiquitinated proteins but they do not degrade proteins at a 
higher rate compared to red-blooded notothenioids. Levels of ubiquitinated proteins were 
higher in all three tissues of the red-blooded Notothenia coriiceps than in icefishes, but 
20S proteasome activity was not. This suggests that although red-blooded notothenioids 
have higher levels of ubiquitinated proteins, they are not degrading these proteins at a 
higher rate. Further, there was no change in levels of ubiquitinated proteins in heart 
ventricle or pectoral adductor muscle, nor was there a change in 20S proteasome activity 
in any of the three tissues in response to acclimation to 4°C. These results suggest that the 
red-blooded notothenioid, N. coriiceps, has a limited ability to compensate to a 4°C 
temperature increase with respect to the ubiquitin-proteasome pathway (UPP).
Although I found that the rates of protein degradation by the 20S proteasome 
were not higher in notothenioids expressing hemoglobin (Hb) and myoglobin (Mb) 
compared to species lacking these proteins, other pathways of protein degradation may be 
more prominent in notothenioids. Recent studies suggest that a novel isoform of the 
enzyme acylpeptide hydrolase (APEH-2) is thermally stable at cold temperature and 
exhibits protease activity toward oxidized proteins in vitro (Gogliettino et al., 2014). 
Further, the proteolytic activity and relative expression of APEH-2 is higher in the red- 
blooded notothenioid Trematomus bernacchii compared to the icefish Chionodraco 
rastrospinosus, lending credence to the hypothesis that Hb and Mb contribute to protein 
oxidation and increased rates of protein degradation (Riccio et al., 2015). A series of 
experiments could be conducted to determine whether red-blooded notothenioids have 
higher rates of protein degradation through APEH-2 compared to icefishes. First, relative 
transcript levels of APEH-2 could be measured in notothenioids differing in Hb and Mb 
expression. Next, the proteolytic activity of APEH-2 could be measured in these same 
individuals, according to the methods used by Riccio et al. (2015). Measurements of 
indicators of oxidized proteins, such as levels of protein carbonyls and ubiquitinated 
proteins, should also be collected, as well as measurements of levels of Hb and Mb. 
Ideally, the measurements of each of these parameters would be acquired from multiple 
tissues (e.g. heart ventricle, pectoral adductor, liver, blood, spleen) in the same individual
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fish, to identify correlating factors. In these experiments, a strong correlation between 
APEH-2 expression and activity, and levels of Hb and Mb would suggest that Hb and Mb 
contribute to protein oxidation.
My results suggest that the UPP is not altered in N. coriiceps after acclimation to 
4°C for 22 days. Three weeks may not be a sufficiently long enough period of time for 
notothenioids to acclimate. Alternatively, a 4°C increase in temperature may not be 
sufficient to elicit a change in the UPP. It is also possible that warm acclimation doesn’t 
alter rates of protein degradation. To distinguish among these possibilities, N. coriiceps 
could be acclimated to multiple temperatures (e.g. 4°C, 6°C, and 8°C) for up to 60 days 
(depending on the length of the field season) and levels of ubiquitinated proteins and 20S 
proteasome activity measured in the heart ventricle, pectoral adductor muscle, and liver 
of fishes acclimated for different lengths of time (e.g. 4 weeks, 6 weeks, and 8 weeks). 
This study design would allow us to determine whether 4°C was too small a temperature 
increase or 3 weeks was too short an acclimation period to alter levels of ubiquitinated 
proteins or 20S proteasome activity in N. coriiceps.
My data indicate that the loss of Hb and Mb does not impart an energetic 
advantage for icefishes, further supporting the consensus opinion that the loss of these 
proteins is the result of neutral mutations. This suggests that the cold, oxygen-rich 
environment of the Southern Ocean, in concert with a reduction in competition resulting 
from widespread extinctions of the fish fauna, permitted the survival of icefishes lacking 
oxygen-binding proteins. Overall, this research increases our understanding of the ability 
of notothenioids to acclimate to warmer water with respect to the UPP, indicating that a 
4°C increase in temperature does not alter rates of protein degradation. This contrasts 
with a similar study in the temperate spotted wolffish (Anarhichas minor), which showed 
that rates of 20S proteasome activity increased with a 4°C increase in temperature 
(Lamarre et al., 2009). Ultimately, the inability of N. coriiceps to compensate for 
increased temperature could be an indication that the warming of the Western Antarctic 
Peninsula may adversely affect notothenioids.
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